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A  NiO-graphene  hybrid  is  synthesized  by  a  liquid  phase  deposition  method.  As  an  anode  material  for 
lithium  ion  batteries,  the  cyclic  stability  and  rate  capability  of  NiO  is  significantly  improved  after  the  incor¬ 
poration  of  graphene  sheets.  The  NiO-graphene  hybrid  electrode  delivers  a  capacity  of  646.1  mAhg-1 
after  35  cycles  at  a  current  density  of  100  mAg-1,  corresponding  to  86.3%  capacity  retention.  When  the 
current  density  is  increased  to  400  and  800  mA  g-1 ,  it  still  maintains  a  capacity  of  509  and  368.5  mA  h  g-1 , 
respectively.  The  thermodynamic  and  kinetic  properties  of  NiO  electrodes  with  and  without  graphene 
are  investigated  by  galvanostatic  intermittent  titration  technique.  The  relationship  between  the  rate  and 
voltage  hysteresis  is  also  discussed.  The  polarization  of  both  the  electrodes  in  all  cases  obeys  ohmic  rule 
in  the  present  rate  range.  The  incorporation  of  graphene  sheets  can  partly  reduce  the  voltage  polarization 
thereby  the  voltage  hysteresis  with  increasing  the  current  density.  However,  the  extrapolation  to  zero 
current  ends  up  in  an  approximate  residual  voltage  for  both  the  NiO  electrodes. 
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1.  Introduction 

Since  the  pioneering  work  of  Tarascon  and  co-workers  on 
negative-electrode  materials  of  transition  metal  oxides  (TMO)  [1,2], 
many  studies  have  been  devoted  to  optimizing  the  materials  for 
better  electrochemical  performances  and  to  trying  to  overcome 
those  obstacles  that  keep  compounds  that  electrochemically  react 
with  lithium  through  a  conversion  reaction  far  from  commercial 
application  [3-6].  Among  TMO,  NiO  is  one  of  the  promising  anode 
materials  for  Li  ion  batteries  because  of  its  high  safety,  environ¬ 
mental  benignity,  low  cost  and  outstanding  theoretical  capacity. 
However,  it  still  suffers  from  poor  cyclic  stability.  A  variety  of 
appealing  strategies  have  been  utilized  to  overcome  this  obstacle 
[7-15].  For  example  the  thin  film  electrode  composed  of  verti¬ 
cally  aligned  NiO  nanowalls  displayed  a  capacity  of  638 mAhg-1, 
with  excellent  capacity  retention  of  up  to  85  cycles  at  a  current 
density  of  1.25  C  [16],  and  the  net-structured  NiO-C  nanocompos¬ 
ite  with  greatly  improved  lithium  storage  capacity  in  which  the 
amorphous  carbon  layer  significantly  enhanced  the  conductivity  of 
NiO,  suppressed  the  aggregation  of  active  particles  and  increased 
the  structure  stability  during  the  discharge-charge  process  [17]. 
Recently,  lithium  metal  alloys  [18-20]  or  metal  oxide  nanopar¬ 
ticles  [21-24]  which  combined  with  graphene  sheets  have  been 
reported  to  display  high  specific  capacity  and  excellent  cyclic  sta¬ 
bility  as  anode  materials  compared  to  naked  particles.  Graphene 
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sheets  in  the  above  structure  acted  as  not  only  a  buffer  zone  of  vol¬ 
ume  variation  of  the  nanoparticles  but  also  a  good  electron  transfer 
medium. 

Another  obstacle  for,  just  like  other  TMO,  the  application  of  NiO 
in  commercial  devices  is  strongly  handicapped  by  an  unacceptable, 
in  terms  of  round-trip  energy  density  loss,  large  voltage  hysteresis 
that  is  observed  between  the  discharge  and  charge  steps.  In  fact, 
the  voltage  hysteresis  is  common  in  both  insertion  and  conversion 
reaction  anodes,  and  is  more  visible  for  the  latter.  The  origins  of  this 
hysteresis  are  far  from  being  understood,  but  a  few  studies  indi¬ 
cate  that  it  is  partly  linked  to  the  finite  kinetics  and  another  part 
of  this  hysteresis  has  a  thermodynamic  origin.  According  to  previ¬ 
ous  reports  [25,26],  with  the  help  of  graphene  sheets,  NiO  electrode 
shows  improved  reversible  capacity  and  cyclic  performance,  how¬ 
ever,  there  is  few  report  on  how  the  introduced  graphene  sheets 
affect  the  thermodynamic  and  kinetic  properties  thereby  the  volt¬ 
age  hysteresis  value  for  NiO  electrode. 

In  this  present  work,  NiO-grpahene  hybrid  material  has  been 
prepared  by  a  liquid  phase  deposition  method,  differed  from  the 
hydrothermal  method  of  the  previous  reports  [25,26].  In  addition, 
the  lithium  storage  performances  including  reversible  capac¬ 
ity,  cyclic  stability  and  rate  performance  are  compared  between 
NiO-grpahene  hybrid  and  bare  NiO  electrodes.  Finally,  the  voltage 
hysteresis  of  both  the  electrodes  associated  with  the  thermody¬ 
namic  and  kinetic  reasons  are  also  discussed. 

2.  Experimental 

The  NiO-graphene  hybrid  material  was  prepared  as  follows. 
First  of  all,  0.5  mg  ml-1  graphite  oxide  (GO)  suspension  was 
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Fig.  1.  XRD  patterns  of  NiO  and  NiO-graphene  hybrid,  and  the  inset  is  the  TG  result 
of  NiO-graphene  hybrid. 

obtained  by  sonication.  An  appropriate  amount  of  Ni(N03)2-6H20, 
followed  by  ammonia  solution  (0.55  M)  was  slowly  added  into  the 
above  suspension  and  then  stirred  for  2  h  at  room  temperature.  The 
precipitation  was  centrifugalized  and  washed  with  distilled  water, 
and  dried  by  freezing  drying  and  then  calcined  in  a  tube  furnace 
at  400 °C  for  2h  in  flowing  argon.  For  comparison,  pure  NiO  was 
also  prepared  under  the  same  conditions  but  without  the  presence 
of  GO. 

The  as-prepared  materials  were  characterized  by  means  of  X- 
ray  diffraction  (XRD,  D/max  2550-PC)  and  transmission  electron 
microscopy  (TEM,  CM200  and  JEOL-21  OOF).  Thermogravimetry  (TG, 
SDT  Q600  V8.2  Build  1 00)  analysis  from  room  temperature  to  700  °C 
at  a  heating  rate  of  10°Cmin-1  in  air  was  carried  out  to  estimate 
the  weight  percentage  of  NiO  in  the  hybrid  material. 

The  graphene  sheets  are  also  considered  as  active  materials, 
rather  than  only  act  as  the  conductive  additive.  So,  just  like  many 
previous  reports  [18-24],  the  same  weight  percentage  of  acety¬ 
lene  black  is  added  in  both  the  electrodes.  The  working  electrodes 
were  prepared  by  a  slurry  coating  procedure.  The  slurry  consisting 
of  80wt.%  active  materials,  lOwt.  %  acetylene  black  and  lOwt.  % 
polyvinylidene  fluorides  dissolved  in  N-methyl  pyrrolidinone  were 
coated  on  nickel  foam  with  1 5  mm  in  diameter.  The  electrolyte  was 
1  M  LiPF6  in  ethylene  carbonate-dimethyl  carbonate  (1:1  in  vol¬ 
ume).  CR-2025-type  coin  cells  were  assembled  in  a  glove  box  under 
argon  atmosphere.  The  galvanostatic  discharge  and  charge  mea¬ 
surements  were  conducted  on  LAND  battery  program-control  test 
system,  in  the  voltage  range  of  0.02-3.0  V  (vs.  Li/Li+)  at  room  tem¬ 
perature  (25  ±  1  °C).  Galvanostatic  intermittent  titration  technique 
(GITT)  was  also  performed  using  LAND  battery  program-control 
test  system  by  charging/discharging  the  cells  for  4  h  at  a  rate  of  C/20 
of  the  theoretical  capacity  of  NiO.  The  relaxation  period  was  set  as 
8  h.  The  electrochemical  impedance  spectroscopy  (EIS)  measure¬ 
ments  were  performed  on  CFII660C  electrochemical  workstation 
over  a  frequency  range  of  0.01  FIz-1 00  kFIz  by  applying  an  AC  signal 
of  5  mV  in  amplitude  throughout  the  tests.  Before  the  measure¬ 
ment,  the  electrodes  were  cycled  for  5  cycles  at  a  current  density  of 
50mAg-1,  then  discharged  to  2.0  V  and  kept  until  the  open-circuit 
voltage  stabilized. 

3.  Results  and  discussion 

3.1.  Material  characterization 

The  XRD  patterns  of  pure  NiO  and  NiO-graphene  hybrid  mate¬ 
rials  are  shown  in  Fig.  1 .  All  of  the  diffraction  peaks  of  the  powder 


without  graphene  can  be  ascribed  to  NiO  (JCPDS  No.  01-073-1519). 
Compared  to  the  XRD  pattern  of  pure  NiO,  an  additional  small  and 
low  broad  diffraction  peak  appears  at  about  25°,  corresponding  to 
the  (0  02)  diffraction  peak  of  the  disorderedly  stacked  graphene 
sheets.  These  results  suggest  that  the  hybrid  material  is  com¬ 
posed  of  graphene  sheets  and  NiO.  The  inset  is  the  TG  curve  of 
NiO-graphene  hybrid,  which  indicates  that  the  graphene  sheets  are 
burn  out  when  the  temperature  is  higher  than  500  °C.  It  is  assumed 
that  remaining  is  NiO  and  thus  the  weight  percent  of  NiO  in  the 
NiO-graphene  hybrid  is  about  50.5%. 

Fig.  2  shows  the  TEM  images  of  NiO,  GO  and  NiO-graphene 
hybrid.  As  shown  in  Fig.  2a,  the  flake-like  NiO  is  constructed  by 
many  interconnected  strips  with  about  5  nm  in  width,  leaving  many 
interspaces  which  are  about  5nm  in  length  and  2nm  in  width 
between  the  strips.  Fig.  2b  shows  the  initial  GO  sheets,  which 
exhibit  smooth  surfaces.  It  is  noticed  that  the  central  part  of  GO 
sheets  are  homogeneous  and  featureless  region,  whereas  the  edges 
trend  to  scroll  and  the  wrinkled  morphology  is  more  obvious. 
However,  the  smooth  surfaces  of  the  pristine  GO  sheets  are  homo¬ 
geneously  anchored  by  many  nanoparticles  for  the  NiO-graphene 
hybrid,  as  shown  in  Fig.  2c.  The  graphene  sheets  are  comprised 
of  3-5  individual  graphene  and  the  NiO  nanoparticles  obtained 
are  up  to  several  nanometers  in  sizes  and  are  well  crystallized 
(Fig.  2d).  Some  of  them  show  clear  lattice  fringes  and  the  strip 
distance  is  about  0.24 nm,  closed  to  d-value  of  (111)  plane  of 
NiO.  In  order  to  better  understand  the  effect  of  the  microstructure 
of  NiO-graphene  hybrid  on  its  electrochemical  performance,  the 
hybrid  electrode  after  35  cycles  at  a  current  density  of  100  mAg-1 
is  also  investigated  by  TEM.  Fig.  2e  reveals  the  disintegration  of 
the  initial  particles  into  smaller  NiO  nanoparticles.  However,  they 
are  still  anchored  on  graphene  sheets  and  no  obvious  aggregation 
of  nanoparticles  is  observed  despite  that  they  have  undergone  35 
times  of  volume  expansion/contraction  associated  with  the  lithium 
insertion  and  extraction  process,  highlighting  the  structure  sta¬ 
bility  of  NiO-graphene  hybrid  electrode.  It  is  purposed  that  the 
capacity  decay  could  be  attributed  to  the  loss  of  the  electrical 
contact  of  active  particles  owing  to  large  volume  variation  and 
microstructure  instability  as  a  consequence  of  phase  transforma¬ 
tion  reaction  during  the  lithium  uptake  and  extraction  [17,27].  The 
unique  microstructure  of  the  hybrid  in  which  the  well-crystallized 
NiO  nanoparticles  homogeneously  anchored  on  good  mechani¬ 
cal  flexibility  graphene  sheets  results  in  a  stronger  endurance 
to  volume  variation  and  stops  active  particles  from  aggregating. 
Also,  conducting  graphene  enables  fast  electron  transport  during 
discharge  and  charge  process.  Therefore,  it  is  expected  that  the 
NiO-graphene  hybrid  will  display  excellent  cycling  performance 
and  rate  capability. 

3.2.  Electrochemical  performance 

Fig.  3a  compares  the  cyclic  performance  of  pure  NiO  and 
NiO-graphene  hybrid  electrodes.  The  reversible  capacity  of  pure 
NiO  continuously  decays  on  cycling,  which  is  similar  to  the  previ¬ 
ous  reports  [1,28-30].  It  can  be  seen  that  the  reversible  capacity  of 
pure  NiO  electrode  decreases  from  720.9  to  289.3  mAh g-1  after 
35  cycles  at  a  current  density  of  lOOrnAg-1,  corresponding  to 
40.1%  capacity  retention.  In  contrast,  the  reversible  capacity  of 
the  NiO-graphene  hybrid  electrode  slightly  decreases  in  the  first 
5  cycles  and  after  that  it  keeps  a  stable  value  and  reaches  a  value 
of  646.1  mAhg-1  after  35  cycles,  corresponding  to  86.3%  capacity 
retention. 

Another  advantage  of  the  NiO-graphene  hybrid  electrode  is  its 
rate  performance  (Fig.  3b).  The  reversible  capacity  of  NiO-graphene 
hybrid  electrode  is  stable  at  ca.  600  mA  h  g-1  after  1 0  cycles  at  a  cur¬ 
rent  density  of  200  mAg-1 .  Upon  increasing  the  current  density  to 
400  and  800  mAg-1,  its  reversible  capacities  are  still  maintained 
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Fig.  2.  Low  magnification  TEM  image  of  NiO  (a),  GO  (b)  and  NiO-graphene  hybrid  (c)  and  high  magnification  TEM  image  of  NiO  (the  inset  in  Fig.  2a),  NiO-graphene  hybrid 
(d)  before  and  (e)  after  35  cycles  of  discharge/charge. 


at  ca.  509  and  368.5  mAhg-1,  corresponding  to  73.6%  and  53.3% 
capacity  retention  of  the  first  capacity,  respectively.  When  the 
current  density  returns  to  the  initial  200  mAg-1  after  40  cycles, 
the  NiO-graphene  hybrid  recovers  78.8%  of  its  first  capacity,  indi¬ 
cating  the  stable  structure  of  the  electrode.  These  performances 
are  remarkably  superior  to  that  of  pure  NiO  electrode,  for  exam¬ 
ple,  when  the  current  density  is  800 mAg-1  and  returns  to  the 


initial  200 mAg-1  after  40 cycles,  its  reversible  capacity  are  56.2 
and  128.9mAhg-1  corresponding  to  only  8.7%  and  20%  capacity 
retention  of  the  first  capacity.  As  expected,  enhancement  of  the 
electronic  conductivity  is  effect  to  improve  the  rate  performance 
of  electrodes.  Fig.  3c  shows  the  EIS  of  pure  NiO  and  NiO-graphene 
hybrid  electrodes.  Two  depressed  semicircles  are  observed  for 
both  the  electrodes,  including  the  one  located  in  high  frequency 
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mesoporous  NiO  [32],  but  is  a  significant  improvement  compared 
to  previous  reports  [17,26,29,33,34]. 

3.3.  Thermodynamic  and  kinetic  properties 

The  overall  Li  uptake  and  Li  extraction  from  NiO  can  be  writhen 
as: 

NiO  +  2Li+  +  2e  Ni  +  Li20  (1) 

If  the  reactant  and  the  product  are  perfect  bulk  materials,  tak¬ 
ing  no  account  for  the  polarization,  the  above  conversion  reaction 
should  correspond  to  a  plateau  in  voltage  profile  with  a  capacity  of 
718  mA  h  g-1  at  the  electromotive  force  (emf)  of  1 .945  V  (vs.  Li/Li+ ), 
which  can  be  calculated  using  the  Nernst  equation  [35]: 

AG  =  AGf°(Li20)  -  AGf°(NiO)  =  -2EF  (2) 


Fig.  3.  (a)  Cyclic  stability  at  a  current  density  of  100  mAg-1,  (b)  rate  capability  and 
(c)  EIS  results  of  NiO  and  NiO-graphene  hybrid  electrodes. 


ranges  assigned  to  surface  film  resistance  and  the  one  located  in 
medium  frequency  ranges  assigned  to  charge  transfer  impedance 
[17,31].  Obviously,  the  diameter  of  the  second  semicircle  for  the 
NiO-graphene  hybrid  is  smaller  than  that  of  pure  NiO,  revealing 
lower  charge  transfer  impedance.  This  phenomenon  indicates  that 
the  electronic  conductivity  of  NiO  is  improved  after  the  incorpo¬ 
ration  of  graphene  sheets  because  the  graphene  sheets  are  good 
electronic  conductor  which  can  keep  good  electronic  wetting  of  the 
anchored  NiO  nanoparticles.  Also,  it  is  worth  mentioning  that  the 
above  lithium  storage  performance  is  not  superior  to  mesoporous 
carbon-encapsulated  NiO  nanocomposite  [8]  or  highly  ordered 


As  shown  in  Fig.  4a,  the  first  discharge  voltage-specific  capac¬ 
ity  curve  of  NiO  electrode  exhibits  three  distinct  sloping  voltage 
ranges.  Given  to  NiO  electrode  does  not  exhibit  a  solid  solution 
domain  prior  to  the  conversion  process,  the  capacity  above  plateau 
voltage  can  be  attributed  to  the  reduction  of  electrolyte  and  the 
formation  of  SEI  film.  The  large  plateau  capacity  at  about  0.6  V  (vs. 
Li/Li+)  corresponds  to  the  conversion  reaction  from  initial  bulk  NiO 
to  Ni/Li20  nanocomposite.  The  low-voltage  capacity  is  nested  in 
either  the  pseudocapacitive  character  of  the  in  situ  made  poly¬ 
meric/gel  film  [36]  or  an  interfacial  mechanism,  which  has  been 
explained  by  Maier  et  al.  [37-39],  where  excess  lithium  are  accom¬ 
modated  in  the  phase  boundary  regions  via  charge  separation 
between  nanosized  Ni  and  Li20.  The  behavior  of  the  NiO-graphene 
hybrid  is  similar  to  the  NiO  electrode  (Fig.  4b).  In  addition,  since 
the  conversion  reaction  from  NiO  to  Ni/Li20  nanocomposite  occurs 
below  the  emf  value  of  1.945  V  (vs.  Li/Li+),  whereas  reverse  con¬ 
version  reaction  from  the  Ni/Li20  to  NiO  occurs  above  the  emf 
in  the  real  electrode  reaction  because  of  polarization,  the  dis¬ 
charge  plateau  at  about  0.6  V  and  the  average  charge  plateau  about 
2.25  V  in  the  first  cycle,  corresponds  to  the  reduction  and  oxida¬ 
tion  of  NiO,  respectively,  as  shown  in  Eq.  (1 ).  Therefore,  the  lithium 
uptake/extraction  capacities  at  the  plateau  regions  during  the  first 
cycle  calculated  from  the  GITT  curves  can  reflect  the  utilization  of 
NiO  active  material,  ignoring  the  capacity  contribution  of  SEI  and 
low  voltage  area.  For  clarity,  these  capacities  are  listed  in  Table  1. 
It  can  be  seen  that  the  NiO  electrode  delivers  a  plateau  capac¬ 
ity  of  704.8 mAh g-1  for  the  first  discharge,  which  is  closed  to 
the  theoretic  capacity  of  71 8  mAhg-1,  indicating  the  full  lithium 
uptake.  In  the  subsequent  charging,  it  displays  a  plateau  capacity 
of  539.1  mAhg-1,  corresponding  to  an  initial  coulombic  efficiency 
of  76.5%  if  the  initial  coulombic  efficiency  is  defined  as  the  rate 
of  the  first  charge  plateau  capacity  to  the  first  discharge  plateau 
capacity  of  NiO.  For  the  NiO-graphene  hybrid  electrode,  the  first 
discharge  plateau  capacity  and  charge  plateau  capacity  are  367.3 
and  321.5 mAhg-1,  respectively.  However,  in  the  NiO-graphene 
hybrid,  the  weight  percent  of  NiO  is  50.5%  as  demonstrated  by 
TG  analysis  (the  inset  in  Fig.  1).  This  means  the  theoretic  plateau 
capacity  of  the  NiO-graphene  hybrid  electrode  is  362.6 mAhg-1. 
Therefore,  the  hybrid  electrode  is  also  full  lithiation  for  the  first 
discharge,  but  the  initial  coulombic  efficiency  is  87.5%,  which  is 
higher  than  that  of  bare  NiO,  suggesting  a  better  utilization  of  NiO 
active  material  for  the  hybrid  electrode. 

The  difference  estimated  from  the  GITT  curve  between  the  cut¬ 
off  voltage  and  the  open  circuit  voltage  measured  after  relaxation 
for  both  the  electrodes  is  shown  in  Fig.  4c,  in  which  0  refers  to  full 
delithiation  state  and  1  refers  to  full  lithiation  state.  Such  difference 
can  roughly  reflect  the  polarization  and  this  polarization  changes 
a  litter  with  lithium  insertion  but  continuously  increases  with  the 
lithium  extraction.  In  term  of  electronic  conductivity,  the  above 
trend  of  polarization  can  be  explained  by  the  fact  that  in  the  case 
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Table  1 

The  lithium  uptake/extraction  capacities  at  the  plateau  regions  during  the  first  cycle  calculated  from  the  GITT  curves. 


Electrodes 

NiO 

NiO-G 

Electrodes 

NiO 

NiO-G 

1  St  Opjateau  (mAhg-1) 

704.8 

367.3 

1st  Cpiateau  (mAhg”1) 

539.1 

321.5 

IstDsiope  (mAhg-1) 

548.5 

487.8 

lstQiope  (mAhg-1) 

548.5 

487.8 

1st Dtotai  (mAhg-1) 

1540.4 

1182.1 

1st  Ctotai  (mAhg-1) 

1087.6 

809.3 

Slope  voltage  range  for  discharge  (V) 

0.6-0 

0.6-0 

Slope  voltage  range  for  charge  (V) 

0-1.945 

0-1.945 

Fig.  4.  GITT  curves  of  NiO  (a)  and  NiO-graphene  hybrid  electrode  (b).  Solid  lines  are 
GITT  result,  dash  lines  are  open  circuit  voltage  and  dot  dash  lines  are  the  emf  value, 
(c)  The  difference  estimated  from  the  GITT  curve  between  the  cutoff  voltage  and  the 
open  circuit  voltage  was  measured  after  relaxation. 


of  lithium  uptake,  a  continuous  increase  in  electronic  conductiv¬ 
ity  is  expected  since  insulating  NiO  nanoparticles  are  transferred 
into  nickel  nanoparticles.  Sauvage  et  al.  [40]  have  demonstrated 
the  electronic  conductivity  of  Ni/Li20  composite  is  as  high  as 
5000  S  cm-1  after  2/3  of  the  transition  completion  due  to  the  Ni 
nanoparticle  percolation  within  the  Li20  matrix.  In  contrast,  in  the 
case  of  lithium  extraction,  the  electronic  conduction  is  expected  to 
become  increasingly  problematic  because  of  the  expense  of  nickel 
metal  to  the  formation  of  NiO  nanoparticles.  It  is  noticed  that  the 
introduction  of  graphene  has  result  in  a  small  reduction  of  polar¬ 
ization  at  the  present  rate  of  as  low  as  1  / 20  C,  however,  as  shown 
in  the  following  section,  when  the  rate  is  increased  to  some  extent, 
the  NiO-graphene  hybrid  electrode  shows  an  obvious  decreased 
polarization. 

Voltage  hysteresis  of  electrode  materials  refers  to  the  phe¬ 
nomenon  that  discharge  potential  is  lower  than  charge  potential 
[31].  Different  reasons  lead  to  different  polarizations  during  dis¬ 
charge/charge  process,  and  the  total  polarization  results  in  the 
voltage  hysteresis.  The  voltage  hysteresis  produces  a  huge  round- 
trip  inefficiency,  resulting  in  a  barrier  between  laboratory  and 
society  as  the  associated  energy  losses  would  make  a  battery 
unviable  [5,41].  To  be  sure,  the  mechanism  of  lithium  storage  for 
graphene  sheets  is  different  from  NiO  which  stores  lithium  by  the 
conversion  reaction.  The  lithium  is  stored  by  intercalating  into  the 
graphene  sheets  which  are  stacked  in  a  roughly  parallel  fashion 
[42,43  ],  and  a  faradic  capacitance  associated  with  their  edge  planes, 
vacancies  and  adsorbed  functional  groups  [44,45].  However,  the 
voltage  hysteresis  curve  is  the  sum  of  the  polarization  of  both  charg¬ 
ing  and  discharging  at  galvanostatic  mode  and  can  be  used  to  reflect 
the  kinetic  property  of  different  electrode  materials  storing  lithium 
by  different  mechanisms.  It  is  obtained  by  subtracting  the  discharge 
curve  at  the  second  cycle  from  the  charge  curve  at  the  first  cycles 
after  normalization.  For  the  capacity  normalization  used  here,  0 
refers  to  full  delithiation  state  charged  to  3.0  V  and  1 .0  means  start¬ 
ing  of  charging.  As  shown  in  Fig.  5a,  the  voltage  polarization  of 
NiO  electrode  is  about  0.5-1. 0  V  in  all  lithiation/delithiation  range. 
Compared  to  the  NiO  electrode,  the  NiO-graphene  hybrid  exhibits 
a  slight  reduction  of  voltage  polarization.  Interestingly,  the  over¬ 
all  voltage  polarization  of  graphene  sheets  electrode  is  obviously 
reduced  after  the  incorporation  of  NiO  and  the  voltage  hysteresis 
curve  of  the  NiO-graphene  hybrid  exhibits  the  same  characters  as 
the  pure  NiO  electrode  although  the  weight  percent  of  graphene 
in  the  obtained  hybrid  is  as  high  as  49.5%.  A  possible  reason  is  that 
the  reduced  graphene  sheets  contain  many  dangling  bonds,  surface 
defects  and  vacancies,  which  are  considered  as  the  active  sites  for 
the  formation  of  SEI  or  banding  with  lithium.  The  kinetics  of  lithium 
intercalation  is  limited  by  the  thick  SEI  film  because  ah  lithium  ions 
in  an  electrolyte  solution  must  cross  this  film  before  the  formation 
of  the  lithium-intercalation  graphite  compounds.  Also,  the  banding 
between  active  sites  and  lithium  would  be  the  activated  processes, 
which  can  lead  to  hysteresis.  The  anchored  NiO  nanoparticles  cover 
and  remove  some  active  sites,  leading  to  an  obvious  reduction  of 
voltage  polarization.  However,  in  the  hybrid  material,  the  voltage 
polarization  resulting  from  NiO  is  more  obvious  compared  with 
the  graphene  sheets  modified  by  NiO  nanoparticles  and  thus  the 
voltage  polarization  of  NiO  dominates  the  whole  charge/discharge 
process  of  NiO-graphene  electrode. 
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Fig.  5.  (a)  Comparison  of  voltage  hysteresis  curves  of  NiO,  graphene  thermal 
reduced  from  GO  at  400  °C  and  NiO-graphene  hybrid  electrode  at  a  current  density 
of  100  mAg-1  and  (b)  the  variation  of  voltage  polarization  as  a  function  of  current 
of  NiO  and  NiO-graphene  hybrid  electrodes. 

Fig.  5b  displays  the  variation  of  voltage  polarization  as  a  func¬ 
tion  of  current  for  the  NiO  and  NiO-graphene  hybrid  electrodes.  The 
polarization  values  were  extracted  from  the  middle  of  the  sloppy 
plateau.  It  can  be  seen  that,  a  quasi-linear  correlation  between  the 
polarization  value  and  applied  current  is  noted  for  both  the  elec¬ 
trodes,  suggesting  that  the  electrode  polarization  in  all  cases  obeys 
ohmic  rule  in  the  present  rate  range.  In  addition,  as  expected,  the 
polarization  values  increase  with  the  increase  of  rate  for  both  the 
electrodes,  however,  the  upward  trend  is  more  obvious  for  the  NiO 
electrode  than  that  for  the  NiO-graphene  hybrid.  This  indicates 
the  polarization  associated  with  the  conversion  reason  of  NiO  is 
reduced  with  the  corporation  of  graphene,  which  can  be  mainly 
attributed  to  the  increased  electronic  conductivity  of  NiO  in  the 
hybrid  electrode.  Interestingly,  if  the  polarization  resulting  from 
the  electronic  transport  or/and  mass  transport  is  the  only  source 
of  voltage  hysteresis,  the  polarization  value  should  become  van¬ 
ishingly  small  when  the  applied  current  is  reduced  to  a  sufficiently 
small  value.  However,  the  extrapolation  to  zero  current  ends  up 
in  an  approximate  residual  voltage  for  both  the  electrodes,  for 
example  0.78  V  for  the  NiO-graphene  hybrid  and  0.85  V  for  the 
NiO  electrode.  Recent  reports  point  out  the  origin  of  this  zero- 
current  polarization  is  very  likely  related  to  thermodynamic  factor. 
Gaberscek  et  al.  [46]  presented  the  thermodynamic  origin  of  this 
zero-current  polarization  in  insertion  batteries  by  the  many  par¬ 
ticle  effect;  Wang  and  Zhu  [31]  attributed  this  value  of  LiFeP04 
to  the  strain  accommodation  energy  of  phase  transformation;  and 
Li  et  al.  [47]  explained  this  polarization  value  of  MnO  electrode 
in  the  term  of  energy  difference  induced  by  volume  variation  and 


surface  energy.  Like  MnO,  NiO  is  directly  conversed,  without  any 
solid  solution  domain,  to  metallic  particles  when  it  reacts  with 
lithium.  Therefore  the  volume  variation  and  surface  energy  is  also 
assigned  to  the  origin  of  the  zero-current  polarization.  However, 
this  value  is  only  0.3  V  for  silicon  electrode  [6],  which  exhibits  as 
large  as  300%  volume  variation.  So,  whether  the  energy  difference 
induced  by  volume  variation  and  surface  energy  is  the  only  reason 
for  the  zero-current  polarization  is  not  clear  and  more  thermody¬ 
namic  date  are  needed. 


4.  Conclusions 


The  NiO-graphene  hybrid  is  synthesized  in  which  NiO  nanopar¬ 
ticles  are  up  to  several  nanometers  in  sizes  and  homogeneously 
anchored  on  conducting  graphene  sheets.  As  active  material  for 
Li  ion  batteries,  the  cyclic  stability  and  rate  capability  of  NiO  are 
significantly  improved  by  the  incorporation  of  graphene  because 
of  establishment  of  good  electronic  contact  between  active  parti¬ 
cles  and  fast  electron  transport  during  discharge-charge  process. 
The  NiO-graphene  hybrid  delivers  a  capacity  of  646.1  mAh g-1 
after  35 cycles  at  a  current  density  of  100 mAg-1,  corresponding 
to  86.3%  capacity  retention.  When  the  current  density  is  increased 
to  400  and  800 mAg-1,  it  still  can  deliver  a  capacity  of  509  and 
368.5  mAhg-1,  respectively.  The  incorporation  of  graphene  can 
partially  decrease  the  voltage  polarization,  especially  when  the 
hybrid  electrode  is  discharged  and  charged  at  a  high  rate,  however, 
it  has  a  slight  effect  on  the  zero-current  polarization. 
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